1. Introduction {#sec1-molecules-24-02062}
===============

C-reactive protein (CRP), named for its ability to bind and precipitate the pneumococcal C-polysaccharide, is the classical acute phase protein. Although it circulates at low concentrations in healthy individuals, its levels increase dramatically in response to infections, tissue injury and inflammation \[[@B1-molecules-24-02062]\]. The role of CRP in host defence has been thought to be largely due to its ability to bind phosphocholine (PC), activate the classical complement cascade, and enhance phagocytosis \[[@B2-molecules-24-02062],[@B3-molecules-24-02062],[@B4-molecules-24-02062]\]. The ligand binding characteristics of CRP seem also important in understanding its role in inflammation. In addition to the recognition of microbial antigens, CRP reacts with cells at the sites of tissue injury. Similarly to serum amyloid P component (SAP), C-reactive protein binds to nuclear antigens, damaged membranes and apoptotic cells, and is involved in the clearance of injured or apoptotic cells, as well as the material released from these damaged cells \[[@B4-molecules-24-02062]\].

In recent decades, the perception of CRP has shifted from being solely a marker of inflammation to a valuable and a very significant and independent predictor of atherothrombotic risk, including future cardiovascular events. Numerous studies have also reported that elevated CRP levels correlate significantly with the incidence of cardiovascular complications in patients without any symptoms of overt cardiovascular disease, as well as in patients with unstable angina, myocardial infarction, ischemic stroke, or peripheral artery disease. In addition, increased blood serum concentrations of CRP are regarded as a risk factor of sudden death and restenosis in patients after percutaneous coronary intervention \[[@B5-molecules-24-02062]\].

While there is strong evidence that CRP is a predictor of arterial thrombotic events, conflicting clinical data exists on the relationship between increased plasma CRP concentration and venous thromboembolism (VTE) \[[@B6-molecules-24-02062]\]. The great diversity of findings regarding the role of CRP in atherothrombosis has prompted the research on structures of various CRP isoforms and their possible significance in pathophysiology. The existence of modified CRP isoforms and their possible relevance to various pathophysiological conditions was suggested for the first time in the early 80s \[[@B7-molecules-24-02062]\]. In addition, accumulating evidence indicates a need for a clear discrimination between native (larger, pentameric structure) and modified CRP isoforms (smaller, monomeric structure) and their opposing impacts under physiological and pathophysiological conditions.

As CRP has been highly conserved throughout evolution and no recognized CRP deficiencies have been discovered in humans, it is reasonable to suggest that the protein must confer a significant survival value \[[@B8-molecules-24-02062]\], yet its precise role in human physiology and disease remains to be fully understood.

2. Structure of Native C-Reactive Protein {#sec2-molecules-24-02062}
=========================================

C-reactive protein (MW \~120 kDa) belongs to the family of pentraxins, proteins that have been highly-conserved over the course of phylogenesis. Pentraxins have a cyclic multimeric structure and contain ligand binding sites dependent on calcium ions. In addition, each molecule contains a flattened β-structure resembling a jellyfish, which remains distinct from other protein domains in the molecule, and which is observed in the legume lectins \[[@B9-molecules-24-02062]\]. Structural studies of human CRP have provided a full description of the binding of CRP to phosphocholine \[[@B10-molecules-24-02062],[@B11-molecules-24-02062],[@B12-molecules-24-02062],[@B13-molecules-24-02062]\], while structural and related studies have defined the topology and structure of the binding site for complement component C1q \[[@B14-molecules-24-02062],[@B15-molecules-24-02062],[@B16-molecules-24-02062],[@B17-molecules-24-02062]\]. C-reactive protein consists of five identical non-covalently-bound protomers arranged in cyclic symmetry \[[@B18-molecules-24-02062],[@B19-molecules-24-02062],[@B20-molecules-24-02062]\]. One face of each protomer (B face of CRP) presents a binding site for PC, consisting of two Ca^2+^ ions that ligate the phosphate group and a hydrophobic pocket that accommodates the PC methyl groups. On the opposite face (one of the faces of CRP), there is a deep cleft formed by parts of the N and C termini, which is bordered by an alpha helix. Mutational studies indicate that the C1q-binding site of the molecule is located at the open end of this cleft, with Asp112 and Tyr175 representing contact residues \[[@B14-molecules-24-02062],[@B21-molecules-24-02062],[@B22-molecules-24-02062],[@B23-molecules-24-02062]\]. Several three-dimensional X-ray structures of C-reactive protein, either the free or ligand-bound form, have been deposited in the Protein Data Bank (RCSB PDB) and are freely available for research and education at PDB (<http://rcsb.org>) and the Molecular Modelling Database (MMDB; <https://www.ncbi.nlm.nih.gov/Structure/MMDB/mmdb.shtml>).

Although crystallization of CRP was originally reported in 1947 \[[@B24-molecules-24-02062]\], forms suitable for high-resolution X-ray analysis have not been obtained yet \[[@B25-molecules-24-02062]\]. During the years 1996-2002, at least three human CRP X-ray structures have been determined: partially calcium-loaded CRP, fully-calcified CRP (in the presence or absence of bound PC), and calcium-depleted CRP \[[@B10-molecules-24-02062],[@B11-molecules-24-02062],[@B26-molecules-24-02062]\]. Such approaches seem to be justified by the fact that calcium ions are crucial for the binding of ligands, as well as for maintaining the integrity of the protein. In the presence of Ca^2+^, human CRP may resist denaturation induced by physical and chemical factors, such as heat, urea, and reducing agents \[[@B27-molecules-24-02062],[@B28-molecules-24-02062]\]. The binding of calcium to CRP may also serve to protect CRP from proteolytic degradation and denaturation in circulation during the acute phase of infection \[[@B12-molecules-24-02062],[@B13-molecules-24-02062],[@B26-molecules-24-02062],[@B29-molecules-24-02062]\]. However, physicochemical and immunological studies of the tertiary and quaternary structure of CRP have found that its structure can be modified by the microenvironment. As a result, CRP can exist in three isoforms: 1) a multimeric form composed of ten and more subunits, 2) a pentameric (native) form, and 3) a monomeric CRP form, often called "modified CRP", which consists of a single subunit. Two of these forms, pentameric and monomeric CR, are of special interest to researchers investigating the biological function of CRP. Below, each CRP isoform will be described in detail.

3. Pentameric C-Reactive Protein {#sec3-molecules-24-02062}
================================

The most extensively studied type of C-reactive protein is its native pentameric form. Native CRP is produced by hepatocytes in response to inflammatory cytokines (IL-1, IL-6) before release into the systemic circulation. Both interleukins control expression of CRP gene through activation of the C/EBP family members C/EBPβ and C/EBPδ, which are critical transcription factors for induction of CRP. Other extrahepatic sites of CRP synthesis have been also reported (like neurons, leukocytes), although they do not substantially influence CRP plasma levels \[[@B30-molecules-24-02062],[@B31-molecules-24-02062]\]. The native CRP has a half-life in plasma of about 19 h under physiological or pathological conditions. This interesting finding suggests that the sole determinant of circulating CRP concentration is the synthesis rate, which therefore reflects the intensity of the pathological process(es) stimulating CRP production. When the stimulus for increased production completely ceases, the circulating CRP concentration falls rapidly, to almost the same level as the CRP clearance rate \[[@B32-molecules-24-02062]\]. It is important to note that this response by CRP to stimulus is nonspecific and is triggered by many disorders \[[@B32-molecules-24-02062],[@B33-molecules-24-02062],[@B34-molecules-24-02062]\]. In addition, in most diseases, the circulating value of CRP reflects ongoing inflammation and/or tissue damage during the acute phase much more accurately than other laboratory parameters, such as plasma viscosity and erythrocyte sedimentation rate \[[@B32-molecules-24-02062],[@B35-molecules-24-02062],[@B36-molecules-24-02062],[@B37-molecules-24-02062],[@B38-molecules-24-02062],[@B39-molecules-24-02062]\]. Following an acute phase stimulus, the median CRP concentration can rise by over 1000-fold from the 0.8 mg/L in healthy young adult blood donors. Subjects in the general population have stable CRP concentrations characteristic for each individual \[[@B40-molecules-24-02062]\], without seasonal variation in baseline CRP level; however, the mean CRP value tends to increase with age \[[@B32-molecules-24-02062],[@B41-molecules-24-02062]\].

The biological role of CRP has been clarified by studies on its structure and interactions with ligands and effector molecules. The binding sites for calcium ions and PC, the first defined ligand for CRP, are localized on the "recognition face" of CRP protomers, whereas the binding sites for the C1q complement component and Fcγ receptors are carried by the "effector face". In addition to PC, CRP can bind to a variety of other ligands, including phosphoetanoloamine, fibronectin, laminin, chromatin, histones, ribonucleoproteins and polycations. Ligand-bound or aggregated CRP efficiently activates the classical complement pathway through direct interaction with C1q and elicits a response from phagocytic cells via interaction with the immunoglobulin receptors FcγRI and FcγRII \[[@B30-molecules-24-02062],[@B42-molecules-24-02062]\]. In other words, by activation of classical complement pathway, ligand complexed- or aggregated CRP generates all the opsonic and pro-inflammatory effector functions of the complement system \[[@B43-molecules-24-02062]\] ([Figure 1](#molecules-24-02062-f001){ref-type="fig"}). Ultimately, as previously found for numerous other mediators of inflammatory processes \[[@B44-molecules-24-02062]\] CRP has pleiotropic effects on human cells, and has been found to demonstrate both pro-inflammatory and anti-inflammatory activities. The findings yielded by studies on CRP are varied, and sometimes contradictory; besides the methodological aspects, this variation has been explained by the dissociation of CRP into subunits during the experiment \[[@B45-molecules-24-02062],[@B46-molecules-24-02062]\] and primarily by the use of low quality CRP preparations containing LPS \[[@B47-molecules-24-02062]\], azide \[[@B48-molecules-24-02062]\] or traces of mCRP \[[@B49-molecules-24-02062]\].

The anti-inflammatory properties of CRP may be associated with its ability to induce the expression of interleukin-1 receptor antagonist in human peripheral blood mononuclear cells (PBMCs) \[[@B50-molecules-24-02062],[@B51-molecules-24-02062],[@B52-molecules-24-02062]\]. Also, CRP can alter the cytokine profile by mouse macrophages by enhancing the secretion of the anti-inflammatory cytokine IL-10 and down-regulating the production of IL-12 \[[@B38-molecules-24-02062],[@B53-molecules-24-02062]\]. When interacting with neutrophils, CRP can exert both inhibitory \[[@B38-molecules-24-02062],[@B54-molecules-24-02062],[@B55-molecules-24-02062],[@B56-molecules-24-02062],[@B57-molecules-24-02062],[@B58-molecules-24-02062]\] or activatory effects on cell chemotaxis, degranulation or superoxide production \[[@B59-molecules-24-02062],[@B60-molecules-24-02062]\]. Furthermore, native CRP has been shown to inhibit the respiratory burst of neutrophils as demonstrated by the extracellular release of reactive O~2~ intermediates in response to a variety of agonists such as fMLP, PAF and PMA \[[@B61-molecules-24-02062]\]. These findings imply that CRP may play an important protective role during the early phases of the inflammatory reaction.

C-reactive protein can also have anti-atherogenic activities, as evidenced in a number of studies of platelet function which indicate that when bound to platelets, native CRP may reduce the effects of physiological platelet agonists, inhibit platelet secretion (both platelet dense body and alpha granule constituents), and decrease platelet aggregation \[[@B62-molecules-24-02062],[@B63-molecules-24-02062],[@B64-molecules-24-02062],[@B65-molecules-24-02062],[@B66-molecules-24-02062],[@B67-molecules-24-02062]\] ([Figure 1](#molecules-24-02062-f001){ref-type="fig"}). Native CRP may also enhance the anti-platelet effect of acetylsalicylic acid \[[@B68-molecules-24-02062]\]. It is thought that circulating CRP may play an important role in the regulation of platelet adhesion during inflammation; however, the data in this field are conflicting. For example, in patients with familiar hypercholesterolemia and coronary artery disease, native CRP increased shear-stress-dependent platelet adhesion \[[@B69-molecules-24-02062]\], whereas in medication-free volunteers native CRP was not able to induce thrombosis by promoting platelet deposition or thrombus growth on the collagen surface \[[@B70-molecules-24-02062]\]. In other reports, using the cone and plate system, it has been demonstrated that human, native CRP, either exogenous or endogenous, promotes platelet adhesion to endothelial cells under flow conditions (750 s-1) and this process was mediated by endothelial-derived P-selectin \[[@B71-molecules-24-02062],[@B72-molecules-24-02062]\]. In addition, platelet adhesion to fibrinogen-coated plates has been found to be enhanced in the presence of fluid phase CRP, but only in its monomeric, recombinant form \[[@B73-molecules-24-02062],[@B74-molecules-24-02062]\]. In similar in vitro studies on platelet adhesion to IgG- and HSA-coated cover slips, native CRP was shown to reduce platelet adhesion and moderately decrease the spread of adhering platelets as a result of CRP interactions with complement and IgG immune complexes \[[@B75-molecules-24-02062]\]. Hence, CRP may modulate platelet response directly and indirectly via interactions with other blood constituents.

Not diminishing the importance of CRP in platelet function and thrombus formation, the concept that CRP contributes significantly to pathogenesis of atherosclerosis comes primarily from studies in which CRP preparations have been found to have pro-inflammatory and pro-thrombotic effects on vascular cells. In earlier observations, native CRP has been shown to induce pro-inflammatory cytokine release from endothelial cells (VCAM-1, ICAM-1, and E-selectin) and monocytes (MCP-1) and evoke endothelial dysfunction and monocyte adhesion to the endothelium \[[@B76-molecules-24-02062],[@B77-molecules-24-02062]\]. However, the most compelling data implicating CRP as a determinant of endothelial dysfunction has been obtained from studies demonstrating that human recombinant CRP reduced basal and stimulated nitric oxide (NO) release from arterial and venous endothelial cells. In cultured human endothelial cells, CRP has been shown to decrease mRNA for endothelial NO synthase (eNOS), protein expression, enzyme activity (i.e., conversion of [l]{.smallcaps}-arginine to [l]{.smallcaps}-citrulline), and enzyme bioactivity (secretion of cGMP) \[[@B78-molecules-24-02062],[@B79-molecules-24-02062],[@B80-molecules-24-02062],[@B81-molecules-24-02062]\]. These findings support previous observations of an inverse correlation between CRP concentration and endothelial vasoreactivity in patients with CAD \[[@B82-molecules-24-02062]\]. Together with a decrease in eNOS expression and NO production, CRP has also been demonstrated to reduce angiogenesis, an important compensatory mechanism in chronic ischemia, and promote endothelial cell apoptosis in a NO-dependent fashion \[[@B79-molecules-24-02062],[@B83-molecules-24-02062]\]. In addition, prostacyclin (PGI2), the second major vasorelaxant and anti-platelet agent present in endothelial cells, may also be downregulated by CRP, as CRP administration has been found to significantly decrease the release of PGF1α, a stable product of PGI2 from human aortic endothelial cells (HAECS) \[[@B84-molecules-24-02062],[@B85-molecules-24-02062]\].

As a pro-coagulant, CRP is not only able to reduce PGI2 release and modulate NO metabolism in an unfavourable direction, but it may also alter the fibrinolytic system. In HAE cells incubated with CRP, time- and dose-dependent increases were observed in PAI-1 antigen concentration and activity, which was accompanied with increased concentrations of intracellular PAI-1 protein and mRNA \[[@B86-molecules-24-02062]\]. In addition, CRP upregulated the levels of TF and PAI-1 in vein grafts, and these changes may contribute to early vein graft occlusion \[[@B87-molecules-24-02062]\]. Similarly, it has been reported that incubation with CRP results in a reduction of the concentration and activity of endothelium-secreted t-PA, and the down-regulation of intracellular concentrations of t-PA. Moreover, it was revealed that the generation of some pro-inflammatory cytokines, like interleukin 1 (IL-1β) and tumour necrosis factor (TNFα) may mediate such t-PA inhibition \[[@B88-molecules-24-02062]\]. Additionally, the fact that that CRP stimulates tissue factor release from mononuclear, endothelial, and smooth muscle cells \[[@B59-molecules-24-02062],[@B89-molecules-24-02062],[@B90-molecules-24-02062],[@B91-molecules-24-02062]\] and has an inhibitory effect on the release of a natural anticoagulant---tissue factor pathway inhibitor---from human endothelial cells \[[@B92-molecules-24-02062]\] suggests that CRP may also play a pro-thrombotic role. C-reactive protein may also increase LOX-1 expression, which plays a key role in the detrimental effects of oxidized (ox)LDL on endothelial function \[[@B93-molecules-24-02062]\], and enhances the pro-inflammatory effects induced by angiotensin II \[[@B94-molecules-24-02062]\]. More recently, CRP has been observed to damage the endothelial glycocalyx, further promoting the sensitivity of the endothelium towards pro-atherogenic insults \[[@B95-molecules-24-02062]\].

It has also been shown that infusion of recombinant human CRP into healthy volunteers results in a significant increase in the serum levels of IL-6 and IL-8, serum amyloid A, serum phospholipase A2, prothrombin 1 and 2, [d]{.smallcaps}-dimer, and PAI-1 \[[@B96-molecules-24-02062]\], suggesting that CRP may play a role in inflammation and the haemostatic system. Adverse effects on vascular reactivity, inflammation, and coagulation have been also reported following CRP infusion in hypercholesterolemic patients \[[@B97-molecules-24-02062]\]. Interestingly, the CRP-mediated pro-coagulant responses observed in this study were significantly higher in hyperlipidemic patients than in normolipidemic subjects, and no change in endothelial vasoreactivity was observed in the latter group. It has been postulated that CRP infusion has a greater impact on endothelial response and coagulation in hypercholesterolemic patients than normocholesterolemic subjects \[[@B97-molecules-24-02062]\]. A study of the triggering of coagulation cascade and inflammatory response by CRP in patients with anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) found that ANCA-induced netting neutrophils can prompt the formation of monomeric CRP from pentameric form, which can further accelerate thrombogenesis, enhance platelet activation and augment the inflammatory response. Therefore, an elevated concentration of CRP circulating in blood has been postulated to be not only a marker of disease activity but also a protein involved in the pathophysiology of AAV \[[@B98-molecules-24-02062]\].

CRP and coagulation testing are commonly performed in patients presenting with secondary post-tonsillectomy haemorrhage (PTH). A study of 93 PTH patients by Biggs et al. found that these tests do not provide any additional clinically-relevant information or alter management, and as such should not be undertaken routinely in PTH patients \[[@B99-molecules-24-02062]\].

Therefore, it is of considerable importance to clarify whether CRP plays a causative role in atherosclerosis and if so, whether it could represent an interesting novel target for intervention. Studies on drugs to specifically target and inhibit CRP effects are in progress. 1,6-bis(phosphocholine)-hexane (1,6-bis-PC) was the first CRP inhibitor found to effectively inhibit interactions between CRP and a complement by the covalent crosslinking of two CRP molecules together in the complex with a drug \[[@B100-molecules-24-02062]\]. In rats with acute myocardial infarction (AMI), 1,6-bis(phosphocholine)-hexane reversed the effect of human CRP, resulting in the attenuation of the size of myocardium infarct and restrained cardiac dysfunction. Hence, based on this animal model, 1,6-bis-PC was proposed as a promising CRP inhibitor with cardioprotective potential in acute myocardial infarction and possible neuroprotective effects in stroke \[[@B100-molecules-24-02062]\]. The above findings have been later supported by experimental studies indicating that 1,6-bis-PC is able to prevent the dissociation of CRP and inhibit its deposition in inflamed tissue \[[@B101-molecules-24-02062]\]. Very recently, acetylcholine and nicotine have been found to have beneficial effects on reducing mCRP-induced inflammatory events \[[@B102-molecules-24-02062]\]. Taken together, these findings encourage further testing: more pharmacokinetic and pharmacodynamic data acquired by local and systemic approaches are required to determine whether these substances are suitable for clinical purposes.

3.1. Glycosylated C-Reactive Protein {#sec3dot1-molecules-24-02062}
------------------------------------

Glycosylation is a post-translational protein modification that is involved in most physiological and disease processes. The oligosaccharides are covalently bound to the proteins through the nitrogen or oxygen atoms of amino acids, forming N- and O-linked glycoproteins. Both N- and O-linked protein glycosylation have implications on protein stability, structure, molecular recognition and intracellular trafficking \[[@B103-molecules-24-02062],[@B104-molecules-24-02062],[@B105-molecules-24-02062],[@B106-molecules-24-02062],[@B107-molecules-24-02062]\]. In inflammatory diseases (mainly in chronic inflammatory conditions), numerous changes in the glycosylation of serum proteins, such as α1-acid glycoprotein, immunoglobulins, transferrin, haptoglobin and α2-macroglobulin have been reported, as well as their effects on protein function \[[@B108-molecules-24-02062]\]. However, with regard to C-reactive protein, only isolated reports have examined protein glycosylation \[[@B109-molecules-24-02062]\]. This may be due to the fact that human CRP is normally a non-glycosylated protein. In addition, its half-life is relatively short (19 h) compared to the most human plasma proteins \[[@B110-molecules-24-02062]\], which may raise a question about the likelihood of CRP glycosylation. Nevertheless, Das et al. \[[@B109-molecules-24-02062]\] report that under some pathological conditions, CRP can undergo this phenomenon. Using CRP purified from the samples taken from patients with systemic lupus erythematosus (CRPSLE), acute lymphoblastic leukaemia (CRPALL), tuberculosis (CRPTB), visceral leishmaniasis (CRPVL), osteogenic sarcoma (CRPOS) and Cushing's syndrome, the authors demonstrated the presence of sugars such as sialic acid, glucose, galactose, mannose in CRPs, and revealed differences in CRP carbohydrate and amino acid composition between different samples. In addition, molecular modelling suggests that there are two potential glycosylation sites on the cleft floor of CRP molecule, which can be opened up after slight changes in the protein sequence, without affecting other functional areas of the petraxin structures \[[@B109-molecules-24-02062]\].

Some of those examined molecular variants have been further characterized based on the binding of antibodies to CRP and the interactions with some plasma glycoproteins (IgG, fibronectin, fetuin and asialofetuin) and cells \[[@B111-molecules-24-02062],[@B112-molecules-24-02062]\]. Five CRP variants have typically been used for the antibody-binding experiments: CRPSLE, CRPALL, CRPTB, CRPVL, and CRPOS. All of these variants displayed differential levels of binding to antibodies, fibronectin and human IgG. For example, at the highest CRP concentration (1 µg), CRPVL displayed the highest level of binding to fibronectin, which was more than twice that observed with CRPALL. The degree of anti-CRP binding differed in the following order: CRPALL \> CRPVL \> CRPOS \> CRPTB/CRPSLE \[[@B111-molecules-24-02062]\].

As anaemia is a common manifestation in tuberculosis and visceral leishmaniasis, Ansar et al. \[[@B112-molecules-24-02062]\] assessed the contribution of glycosylated CRPTB and CRPVL in haemolysis of erythrocytes in patients with TB and VL. Two glycosylated CRP variants have been shown to bind several times more readily to diseased erythrocytes than to the cells obtained from healthy subjects. Alterations in cell membrane fragility, fluidity, and hydrophobicity, eventually leading to haemolysis via complement activation were observed in erythrocytes from patients following binding of CRPTB and CRPVL. Thus, these observations indicate that disease-associated CRP is able to efficiently trigger a complement pathway and provide a possible mechanism for hemolysis causing anaemia in patients with TB and VL \[[@B112-molecules-24-02062]\].

3.2. High-Order Assembly of Pentameric C-Reactive Protein {#sec3dot2-molecules-24-02062}
---------------------------------------------------------

To date, several reports have suggested the existence of human C-reactive protein in a multimeric form. The fibril-like structures of CRP were first reported by Wang et al. \[[@B113-molecules-24-02062]\] by the combination of size-exclusion chromatography and electron microscopy. These fibrils were composed of face-to-face stacking pentameric CRP molecules, which were formed rather slowly over the course of days. The amount and length of the fibrils observed on membranes was dependent on the ionic strength of the solution. When the ionic strength was low, more fibrils composed of larger numbers of repeating units could be observed on charged lipid membranes, implying that the fibrils occur in solution due to electrostatic forces between pentameric rings which adsorb onto membranes by non-specific interaction \[[@B113-molecules-24-02062]\].

A study of the structure of CRP multimers based on analytical ultracentrifugation (AUC) has revealed the presence of larger CRP structures in solution \[[@B114-molecules-24-02062]\]. A buffered solution of highly purified CRP was found to contain primarily pentameric native CRP (MW 120 kDa), but also included the 241 kDa CRP decamers, which most likely were formed through intermolecular associations of CRP pentamers. Moreover, it has been established that the share of CRP multimers in solution reaches about 10% in the presence of 2 mM CaCl2 and this may further increase after the removal of calcium ions \[[@B114-molecules-24-02062]\]. The presence of decameric CRP in solution and on surfaces has also been confirmed using a combination of different analytical instrumentation methods \[[@B115-molecules-24-02062]\]. It has been suggested that in a physiologically-relevant buffer, native CRP exists in a rapid pentamer-decamer equilibrium. However, in contrast to the earlier observations, it has been shown that the non-physiological removal of calcium ions can reduce the proportion of decamers, which is accompanied by a slow dissociation of CRP into protomers. At present, the decamer form of CRP is not known to have any direct function, although a role in host defence or apoptotic cell clearance cannot be ruled out: the rapid equilibrium between the CRP pentamer and its decamers provides a way to reduce non-specific protein binding to CRP, thus maintaining the integrity of CRP when it is abundant in plasma \[[@B115-molecules-24-02062]\]. This mechanism may be functionally important, because plasma is a highly complex mixture of the order of thousands of different proteins. Further studies are needed to establish whether pentamer-decamer exchanges occur in blood. Crystallographic studies of calcium-depleted human CRP have attributed the decameric structure of CRP to interactions between two CRP A faces of two independent pentamers \[[@B26-molecules-24-02062]\]. If so, it can be assumed that the presence of decamers may have an effect on the interactions between CRP and ligands, which are presumed to bind to the A face of CRP; conversely, the interactions of native CRP with ligands, for example factor H, may also limit formation of CRP decamers \[[@B115-molecules-24-02062]\].

Recently, in addition to the pentameric isoform, CRP has been detected as a trimer and a tetramer in blood of patients with cardiovascular disease, as well as in the blood and other tissues of human CRP transgenic rats \[[@B116-molecules-24-02062]\]. However, the existence and physiological role of these CRP isoforms is unclear and requires further investigation.

4. Monomeric C-Reactive Protein {#sec4-molecules-24-02062}
===============================

It has long been known that pentameric CRP can spontaneously, yet slowly dissociate into subunits in vitro, forming monomeric CRP (mCRP) in calcium-free buffers at mild alkaline \[[@B20-molecules-24-02062]\] or physiological pH \[[@B117-molecules-24-02062]\]. Neutral denaturant (i.e., urea) or heating greatly accelerates the dissociation process, but their effects again require the absence of calcium \[[@B27-molecules-24-02062],[@B118-molecules-24-02062]\]. So far, only highly-charged denaturant (i.e., guanidine hydrochloride) or strong acidic pH appears to be able to dissociate pentameric CRP, irrespective of the presence of calcium \[[@B118-molecules-24-02062]\]; this is most likely due to their ability to disrupt the electrostatic interactions that mediate calcium binding to CRP. As body fluids usually contain high levels of calcium, it has been suggested that the dissociation of pentameric CRP is unlikely in vivo \[[@B32-molecules-24-02062]\]. However, early clues suggesting that pentameric CRP may dissociate in vivo were obtained from observations on lipid monolayer-bound CRP by negative-stained electron microscopy (EM) \[[@B119-molecules-24-02062],[@B120-molecules-24-02062]\]. Dissociated subunits were observed following the incubation of lipid monolayers with CRP in the presence of calcium. The authors suggest that calcium-dependent binding of pentameric CRP to damaged cell membranes could induce this dissociation, probably leading to the formation of mCRP \[[@B120-molecules-24-02062]\]; however, the resolution of negative-stained EM (\~20 nm) used in these studies was limited, and calcium-free purification and storage buffers were used, which may have increased the chance of spontaneous dissociation for the pentameric CRP \[[@B119-molecules-24-02062],[@B120-molecules-24-02062]\]. Indeed, identical patterns of subunit arrangement on lipid monolayers have been observed using purified, spontaneously-dissociated CRP subunits \[[@B121-molecules-24-02062]\]. Finally, the question of whether mCRP was ultimately formed following calcium-dependent binding of pentameric CRP to damaged membranes remains to be formally tested.

Biophysical, antigenic and functional assays on highly-purified proteins indicated that calcium-dependent binding of pentameric CRP to lipid monolayers mimicking damaged cell membranes results in the formation of dissociated subunits with a partially retained native conformation; this process eventually results in the formation of mCRP \[[@B122-molecules-24-02062]\]. Although the pentameric CRP was also found to dissociate on apoptotic cell membranes, this required the generation of lysophosphatidylcholine \[[@B122-molecules-24-02062]\]. Similar in vivo dissociation conditions have been observed for activated platelets \[[@B48-molecules-24-02062],[@B123-molecules-24-02062],[@B124-molecules-24-02062]\], necrotic cell membranes \[[@B15-molecules-24-02062],[@B101-molecules-24-02062],[@B125-molecules-24-02062],[@B126-molecules-24-02062],[@B127-molecules-24-02062]\], acidic pH \[[@B128-molecules-24-02062]\], oxidative stress \[[@B129-molecules-24-02062],[@B130-molecules-24-02062]\], microparticles \[[@B131-molecules-24-02062]\], amyloid plaques \[[@B132-molecules-24-02062]\] and neutrophil extracellular traps \[[@B98-molecules-24-02062]\] ([Figure 1](#molecules-24-02062-f001){ref-type="fig"}). All the above data underline the important role played by posttranslational modifications of the CRP molecule in the modulation of its pro-inflammatory activity.

Interestingly, most of the aforementioned dissociation scenarios that generate mCRP are specifically associated with inflammation. It is thus plausible that mCRP should be predominately generated locally within lesions. A recently-proposed model suggests that the generation of mCRP in human inflamed tissue begins with the binding of native CRP to activated monocytes, which is subsequently released on microvesicles. On binding to these microvesicles, CRP may dissociate into subunits giving mCRP or undergo structural alterations without disrupting the pentameric symmetry; these enable the activation of a complement system and the promotion of inflammatory response by the activation of endothelial cells and leukocyte recruitment to the injured tissue \[[@B15-molecules-24-02062]\]. Given the enhanced pro-inflammatory activities of mCRP, it is possible that besides being an activating mechanism, the conversion of pentameric to monomeric CRP also serves as a buffering mechanism that localizes the pro-inflammatory actions at inflammatory loci \[[@B122-molecules-24-02062]\]. This mechanism could protect the body from systemic challenge in response to large rises in the circulating levels of pentameric CRP. Of note, mCRP have been shown to be demonstrate opposing or overlapping bioactivities with pentameric CRP, e.g., activation of complement \[[@B126-molecules-24-02062],[@B127-molecules-24-02062],[@B133-molecules-24-02062],[@B134-molecules-24-02062]\], stimulation of endothelial cells \[[@B28-molecules-24-02062],[@B46-molecules-24-02062],[@B135-molecules-24-02062]\], neutrophils \[[@B136-molecules-24-02062],[@B137-molecules-24-02062],[@B138-molecules-24-02062],[@B139-molecules-24-02062]\] and platelets \[[@B48-molecules-24-02062],[@B70-molecules-24-02062],[@B129-molecules-24-02062]\], and binding to ligands including low-density lipoprotein \[[@B45-molecules-24-02062]\], C1q and CFH \[[@B133-molecules-24-02062],[@B140-molecules-24-02062]\] ([Figure 1](#molecules-24-02062-f001){ref-type="fig"}). This suggests that at least some of the reported actions of pentameric CRP may actually derive from the mCRP formed during purification or storage.

Although these dissociation scenarios suggest that mCRP can be generated in vivo, it is difficult to obtain definite proof. Most previous efforts rely on the distinct antigenicity expressed by mCRP to detect its in vivo generation by immunohistochemical staining \[[@B28-molecules-24-02062],[@B124-molecules-24-02062],[@B141-molecules-24-02062]\], flow cytometry \[[@B131-molecules-24-02062],[@B142-molecules-24-02062]\], or intravital imaging \[[@B15-molecules-24-02062],[@B101-molecules-24-02062]\]. However, the antibodies used in these studies either cross-react with both pentameric and monomeric CRP (clone 8) \[[@B143-molecules-24-02062]\], or recognize an epitope also exposed by pentameric CRP with reversible or moderate conformation changes (i.e., 3H12/9C9 against amino acids 199-206) \[[@B10-molecules-24-02062],[@B15-molecules-24-02062],[@B122-molecules-24-02062],[@B125-molecules-24-02062],[@B128-molecules-24-02062],[@B144-molecules-24-02062],[@B145-molecules-24-02062]\]. Sample preparation procedures, e.g., fixation/antigen retrieval in immunohistochemical staining, may also artificially change the conformation of CRP and hence complicate the interpretation of the result. Definite evidence for the in vivo generation of mCRP could be obtained by the identification of autoantibodies that specifically react with epitopes unique to mCRP \[[@B146-molecules-24-02062],[@B147-molecules-24-02062],[@B148-molecules-24-02062]\]. Fortunately, this goal has been achieved by identifying an autoimmune epitope in lupus nephritis (LN) that is exposed only in mCRP, i.e., amino acids 35-47 \[[@B28-molecules-24-02062],[@B149-molecules-24-02062]\]. The strong association of this autoimmune epitope with the prognosis of LN patients further suggests that an etiological role is played by mCRP.

The context- and conformation-dependent actions of CRP may address the enduring question of how CRP, a major acute protein, can act as a fine regulator of inflammation \[[@B32-molecules-24-02062]\]. Moreover, the different localization and activities of distinct CRP conformations may also account for its varied phenotypes in animal models \[[@B150-molecules-24-02062],[@B151-molecules-24-02062],[@B152-molecules-24-02062],[@B153-molecules-24-02062],[@B154-molecules-24-02062],[@B155-molecules-24-02062],[@B156-molecules-24-02062]\] and elusive causal relationship with diseases \[[@B157-molecules-24-02062],[@B158-molecules-24-02062],[@B159-molecules-24-02062]\]. Given that mCRP might be the major conformation acting in lesions, treatment may be achieved by targeting it both therapeutically and diagnostically. In this regard, inhibitors either preventing the dissociation of pentameric CRP \[[@B15-molecules-24-02062]\] (described in [Section 3](#sec3-molecules-24-02062){ref-type="sec"}) or blocking the pro-inflammatory actions of mCRP \[[@B140-molecules-24-02062],[@B149-molecules-24-02062],[@B160-molecules-24-02062]\] have been developed. With regard to the latter, an amino acid sequence called CBS (cholesterol binding sequence) has recently been identified in the mCRP molecule; CBS is believed to be responsible for the binding of ligands by the protein. It has been found to have the potential to inhibit the binding of mCRP to various ligands (apolipoprotein B, cholesterol, C1q, fibronectin, collagen and fibrinogen) and reduce the pro-inflammatory effects of mCRP on leukocytes and endothelial cells \[[@B140-molecules-24-02062]\]. In addition, CBS has been shown to potentiate factor-H cofactor (CFH) activity \[[@B149-molecules-24-02062]\], as well as regulate mCRP-dependent osteoclast differentiation \[[@B160-molecules-24-02062]\]. Overall, these results strongly suggest that CBS is an effective inhibitor of in vitro and in vivo effects of mCRP, and may be a promising new tool for the development of anti-CRP therapeutic strategies. Moreover, circulating or microparticle-bound mCRP has been found to be a better diagnostic index than pentameric CRP in myocardial infarction \[[@B131-molecules-24-02062],[@B161-molecules-24-02062]\] and peripheral artery disease \[[@B142-molecules-24-02062]\] using homemade assays; for example, an ELISA assay designed for quantifying plasma mCRP based on commercially-available reagents \[[@B162-molecules-24-02062]\] may be a promising tool for evaluation of mCRP in plasma. This sort of assay is a "gold standard" by which protein biomarkers are validated and monitored in diagnostic laboratories. However, each diagnostic evaluation of a ligand binding assay requires antibodies specific to a candidate biomarker, and no antibodies specific for mCRP are currently commercially available; in addition, the accuracy, reproducibility, sensitivity, and specificity of the test require analytical validation according to diagnostic guidelines \[[@B163-molecules-24-02062]\].

5. Conclusions {#sec5-molecules-24-02062}
==============

The reliable and successful study of the role of CRP in vivo is a challenging area for researchers. It requires a good knowledge of the chemical structure and functionality of the protein, as well as its physical properties, a comparison of the effects of existing CRP forms and a good familiarity with the field of research. Although it is essential to use only highly-purified and properly characterized CRP preparations, a number of commercial CRP preparations are generated in E. coli and are hence contaminated with bacterial products; they also contain high levels of azide, which are known to produce pro-inflammatory effects in the biological system when they are not removed from CRP solution. This variation in CRP reagent quality could be one of the main reasons for the presence of such contradictory and confusing empirical findings associated with its use \[[@B47-molecules-24-02062],[@B78-molecules-24-02062],[@B96-molecules-24-02062],[@B164-molecules-24-02062],[@B165-molecules-24-02062],[@B166-molecules-24-02062]\].

Furthermore, attempts to define the role of C-reactive protein face a number of methodological obstacles resulting from the lack of commercially-available antibodies recognizing CRP monomers (see above) or problems presented by the biological features of CRP. Among the latter is a tendency of CRP molecules to change their structure and function upon immobilization on polystyrene plates \[[@B118-molecules-24-02062]\] or the surface of sensors \[[@B17-molecules-24-02062]\]. In addition, CRP monomers display reduced solubility compared to native CRP \[[@B165-molecules-24-02062],[@B167-molecules-24-02062]\].

Another important issue is associated with finding reliable and effective ways to examine mechanisms of mCRP interactions with cells. One typical approach based on blood platelets is beset by three potential interactions: (i) CRP may affect platelet response via receptor and non-receptor mechanisms, (ii) at least a few receptors on platelets, such as CD36, GPIIbIIIa and GPIb-IX-V may be involved in the regulation of platelet function by CRP and (iii) monomeric CRP has a propensity to bind to immunoglobulins \[[@B168-molecules-24-02062],[@B169-molecules-24-02062]\].

Studies on monomeric CRP typically address the effects of Cys-mutated recombinant mCRP, which lacks the capacity to form disulphide linkages (reduced mCRP) \[[@B165-molecules-24-02062]\]. Although such observations are justified in the light of the role played by intra-subunit disulphide bridges in the regulation of CRP function in vivo, these studies should be balanced with those of monomeric CRP with the intact primary structure (non-reduced CRP). The vital question about the catabolism of CRP monomers, raised many years ago, still remains open.
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![Possible interactions of CRP with blood cells and plasma components. Pentameric CRP (nCRP) bound to microbial polysaccharides or ligands exposed on damaged cells activates the classical complement pathway through the interaction with C1q. Both pro-and anti-inflammatory effects are attributed to nCRP via its interactions with blood cells (for details, please see [Section 3](#sec3-molecules-24-02062){ref-type="sec"}). At the site of the injured endothelium, circulating platelets undergo activation and spread. On the surface of the activated platelets, circulating cell-derived microparticles and apoptotic cell membranes, pentameric CRP dissociates to monomeric CRP (mCRP), which exerts pro-inflammatory effects by activating blood cells and by promoting inflammatory response. mCRP can be deposited in atherosclerotic lesions.](molecules-24-02062-g001){#molecules-24-02062-f001}
